Optimization for energy systems is considered at three levels: synthesis (configuration), design (component characteristics), and operation. The objective of this paper is to propose a method to perform design/operation optimization efficiently based on an energy-utilization diagram (EUD) for performance improvement. Before optimization, this paper evaluates the system performance and margins for improvement of two absorption heat pumps, including an absorber heat exchanger (AHX) and a solution heat exchanger (SHX). Then, exergy efficiency is higher in the SHX cycle, while the margin for improvement is larger in the AHX cycle. The optimization attempts to reduce exergy destruction in the components where dominant exergy destruction caused by heat transfer occurs. The operating points are adjusted to make the temperature gradients at hot and cold sides coincide. The design parameters in other components are adjusted to improve the heat transfer performances. The distribution of exergy destruction of each component leads to improve exergy efficiency. After these improvements, exergy efficiency is higher in the AHX cycle. It is concluded that we could efficiently realize the design/operation optimization of thermodynamic systems using an EUD, which presents both exergy destruction and margin for improvement at the components comprehensively, as well as operating properties of working fluids.
Introduction
Absorption chillers and heat pumps using ammonia as the working fluid, which use renewable energy or recovered exhaust heat, have been recently studied. The most significant feature of an absorption heat pump is the use of a heat source as the main driving source. For example, engineers have developed the absorption systems operating by utilizing solar, geothermal, and biomass energy, and recover waste heat from an engine [1] [2] [3] [4] . And several types of absorption cycles have been proposed, e.g. the absorber heat exchanger (AHX) cycle [5] and the generator absorber heat exchanger (GAX) cycle [6] . In addition, several studies attempt to raise the absorber pressure by compressor or ejector [7] [8] .
An optimal design method for these absorption heat pump systems is important for a rational use of natural and economic resources. Optimization is considered at three levels: synthesis, design, and operation [9] . At the synthesis level, a general criterion to define a cycle configuration of energy systems with absorption technology has been proposed [10] . In addition, an effective method to decide the optimal number of generators in an absorption heat pump cycle for the specific heat source temperature is proposed [11] . At the design and operation levels, only parametric or heuristic studies have been conducted so far for improving cycle performance [12] , because it is difficult to perform optimization of design and operation for the absorption heat pump systems that have several design parameters.
Considering this background, this study aims to propose a method for realizing the optimal design of absorption heat pumps using an energy-utilization diagram (EUD).
Figure 1. Energy Utilization Diagram.
An EUD is a graphical method for describing the exergy destructions in industrial processes, i.e., improving exergy use [13] . The EUD is represented by plotting the energy level against energy quantity as shown in Figure 1 . EUD gives us information about the three contents. 1) Exergy destruction rate in each component: the rate equals the area between the hot and cold curves. 2) Margin for reduction of exergy destruction: the information is obtained by looking energy level difference between the hot and cold curves at the pinch point.
3) Temperature profile in each component: as for heat exchangers network, energy level and temperature of each working fluid are in one-to-one correspondence. The EUD is useful for evaluating system performances because it presents not only exergy destruction but also margin for improvement. In previous studies using EUD, system evaluations have been performed on the basis of an EUD [14] [15] , but an EUD has not been used for an actual optimal design. This paper first evaluates two existing absorption heat pump cycles-an absorber heat exchanger (AHX) cycle and a solution heat exchanger (SHX) cycle-using an EUD [16] . Then, the cycle model of each heat pump with AHX and SHX cycles is constructed. This model comprises a pump, expansion valves, and heat exchangers, which are shell-andtube type. The model parameters required to represent the thermodynamic and geometric characteristics are determined from an experimental study that we conduct using a commercial gas-fired absorption heat pump. A cycle simulation is performed, and the result indicates the dominant location of irreversibility and operability. This study considers exergy destruction from two components: one associated with the frictional pressure drop and the other including heat transfer in each heat exchanger. This study evaluates the exergy loss caused by heat transfer in each component by using an EUD and compares the EUDs of AHX and SHX cycles. Then, an optimal design for these cycles is developed based on the EUDs. The operating point and design parameters of some components in these cycles are changed for improving the cycle performance. After that, cycle simulations are repeated to confirm and evaluate the improvement effects, and the performance of the designed heat pump is evaluated using COP and exergy efficiency. This study reveals that the method for designing a heat pump using an EUD is effective for the optimization of a heat pump.
Methodology
The flow of the optimal design method for the absorption heat pump is shown in Figure 2 . First, the models of the AHX and SHX cycles are developed, which consider exergy destruction caused by heat transfer and pressure loss. The input parameters for the cycle models and the heat exchanger design parameters, which decide the system operation point, are decided based on the experimental result of a commercial absorption heat pump. Next, cycle simulation and exergy analysis are performed to evaluate the system performance and identify the components where dominant exergy destruction occurs. In addition, EUDs of these two heat pump cycles are drawn to evaluate margins for improvement. Based on these EUDs, the operating point is changed and the effective design parameters for optimization are identified. The operating points are improved by changing the temperature conditions of the external fluids to make the temperature gradients of the hot and cold sides coincide in the heat exchangers. Subsequently, the design parameters of dominant heat exchangers are improved. In this step, the heat transfer area and the number of heat transfer tubes are fixed, while the diameter and length of the heat transfer tube are varied. Finally, the exergy analysis is performed again. By repeating the procedure, a reduction in exergy destruction for the heat pump cycle is obtained. We then compare the EUDs of the designed heat pumps and evaluate the system performance. In this study, COP and exergy efficiency are considered the factors for evaluating system performance. 
Cycle Description and Assumptions
A schematic of an AHX cycle with an ammonia-water mixture is shown in Figure 3 (a). The system comprises nine components: generator, condenser, precooler, evaporator, absorber, AHX, rectifier, solution heat pump, and expansion valve. In the generator, high-pressure vapor, assumed as the waste heat generated from a gas engine at 120 °C, can be created by the heat source. The system aims at improving the COP by recovering the heat generated when a weak solution absorbs a strong vapor in the AHX. The basic operation of the system is as follows: the vapor leaving the generator is concentrated by the rectifier and condensed in the condenser in the process of rejecting heat to the environment. The strong solution moves to the evaporator through the precooler. Then, the refrigerant vapor from the evaporator and the weak solution from the generator, which has been expanded by the expansion valve, are mixed in the AHX. The solution leaving the AHX is condensed in the absorber, rejecting heat to the outside, and then raised to the same pressure as in the generator by the solution pump. The high-pressure solution returns to the generator, restoring condensation heat in the rectifier and absorption heat in the AHX. Figure 3 (b) shows a schematic of a SHX cycle. In this system, instead of the AHX, SHX is installed at the absorber inlet.
In this study, we design an absorption heat pump to be used in agricultural facilities. Thus, the temperature condition is different from heating ventilating air conditioning, as given in Table 1 . For the cycle simulation, the following assumptions are made: 1.The heat pump system reaches a steady state. 2.The pressure drop in pipes and heat losses to the environment in the components are neglected. 3.The flow through the expansion valve is isenthalpic. 4.The density and mass flow rate do not change between the inlet and outlet of the heat exchanger． 5.The heat exchangers do not exchange heat with the surroundings．
Modeling of the Absorption Heat Pump Cycles
Here, we describe a method for constructing a model of the absorption heat pump system using an ammonia-water mixture. The cycle model is constructed by assembling the calculation models of all components. The calculation model of each component is described as follows.
The heat exchangers are shell-and-tube type and are countercurrent ones. They are characterized by an overall heat transfer coefficient U, heat transfer area A, and mean logarithmic temperature difference Tlm. The heat transfer equations for each component are as in the Eqs. (1)- (4).
In the equation (2), the symbols din/dout represent the internal/external diameter of each tube, and rin/rout indicate the fouling factor of the internal/external fluid, and k represents the thermal conductivity. In the equation (3), L/N indicates the length/number of each tube. In the equation (4), the subscripts h/c represent the hot/cold thermal stream and i/o represent the inlet/outlet of each heat exchanger.
In the condenser and absorber, the heat transfer coefficient for hot water is calculated as in the Eq. (5) using Short correlation [17] .
(200<Reout<20,000) The heat transfer coefficient for the condensate is calculated as in the Eq. (6) using Carpenter's film condensation correlation [17] .
In the equation, the symbols 
represent the density of the liquid/ vapor in the internal fluid, and c p,in,l represents the specific heat at constant pressure of the liquid in the internal fluid, and μ in indicates the viscosity, and G in means the mass velocity of the internal fluid. In the evaporator, the heat transfer coefficient for brine is calculated using Short correlation, as shown in the Eq. (5), and that for evaporation is calculated as in the Eq. (7) using Gilmour correlation [17] .
( 10 2 <Rein<10 6 )
In the equation,  means the surface tension of the substance, P indicates the pressure of substances.
In the AHX, the heat transfer coefficient for the shell side is calculated as in the Eq. (8) 
(Reout<1,600)
In the equation, B means mass flow rate of dilute solution sprayed from the top of the shell, and g represents the gravitational acceleration. The heat transfer coefficient for the inside tube is calculated as in the Eq. (9) using Hausen correlation [17] .
(2,320<Rein>100,000, 0.6<Prin<500,
In the SHX, the heat transfer coefficient for the shell side is calculated using Short correlation, as shown in Eq. (5), and that for the inside tube is calculated as in the Eq. (10) using Hausen correlation [17] .
In the generator, the heat transfer coefficient for the refrigerant solution is calculated as in the Eq. (11) using Bromey's film boiling correlation [17] .
(800<Reout<5,000)
In the equation, λ represents the vaporization heat of the refrigerant, and ∆T indicates the difference between temperature of tube wall and temperature of the refrigerant. The heat transfer coefficient for the water side is calculated as in the Eq. (12) using Sieder correlation [17] .
(Rein>10,000, 0.7<Prin<16,700,
In the rectifier, the heat transfer coefficient for the shell side is calculated as in the Eq. (13) using Nusselt film condensation correlation [17] .
•N pass -0.25 (13) (Reout<2,100)
In the equation, Npass means the pass number of the tube. The heat transfer coefficient for the inside tube is calculated using Hausen correlation. This study considers the pressure loss of each component in the cycle. The pressure losses of the inside and outside tube in the heat exchangers of shell-and-tube type are calculated using the following equation [17] : The pressure loss caused by friction is as in the Eq. (14) .
The friction factor f is calculated as in the Eqs. (15), (16 (16) The geometric parameters of each component are determined from an experimental study conducted using a commercial gas-fired absorption heat pump. The specifications of each component in the AHX and SHX cycles are given in Table 2 .
Evaluation Criteria
In this study, the exergy evaluation caused by heat transfer is performed based on an EUD. The availability factor A indicates the quality of energy transferred from and into the system and can be expressed as in the Eq. (17) [13] .
In the equation, ∆H represents the energy transfer rate, while ∆E indicates the exergy transfer rate. In heat exchangers, the energy level A is calculated as shown in the Eq. (18) .
In the EUD, the horizontal axis indicates the quantity of energy and the vertical axis indicates the quality of energy.
The factor A at the hot side (A ed ) and that at the cold side (A ea ) are plotted. Exergy destruction caused by heat transfer is calculated as in the Eq. (19). Eq. (19) shows exergy destruction caused by heat transfer as the area between Aed and Aea, and the difference between
Aed and Aea indicates the driving force of heat transfer. The difference at the pinch point indicates the margin for reduction of exergy destruction by adjusting the design parameters. In addition, the exergy destruction caused by pressure loss is evaluated, and can be expressed as in the Eq.
.
In the equation, vin represents the specific volume of the working fluid.
To evaluate the performance of the designed ejectorabsorption heat pump, the modified COP and exergy efficiency are defined as in the Eqs. (21) 
Results

Evaluation of the Reference Systems
The exergy analysis results of the reference systems are as follows. The exergy destruction caused by heat transfer and pressure loss in each component in the AHX and SHX cycles are shown in Figures 4 and 6 , respectively. Exergy destruction caused by heat transfer is larger than that caused by pressure loss in all heat exchangers; the EUDs (heat exchange system) are shown in Figures 5 and 7 . For the AHX cycle, the COP of the reference system is 1.60 and the exergy efficiency is 0.32, while for the SHX cycle, the COP of the reference system is 1.72 and the exergy efficiency is 0.34. Thus, the COP and the exergy efficiency are higher for the SHX cycle. However, the EUDs represent that the improvement margin is larger for the AHX cycle. For the AHX cycle, according to Figure 5 , the difference between Aed and Aea is especially large in the absorber because the difference in the temperature gradients at both sides is large. For the SHX cycle, as indicated in Figure 7 , there is no point where the difference between Aed and Aea is especially large, because the total heat duty is larger and temperature gradients at the hot and cold sides are almost the same in all components. The components where dominant exergy destruction occurs are absorber, evaporator, and condenser in order from the larger for the AHX cycle, while for the SHX cycle, the components are evaporator, condenser, absorber, and SHX.
Improvements in Operating Properties of Working Fluids and Component Characteristics
In the AHX cycle, dominant exergy destruction occurs and the difference in temperature gradients at the hot and cold sides reduces the margin for reduction. Then, the temperature gradients are made to coincide with each other by adjusting the hot water outlet temperature in the absorber, TABS,out. In view of the requirement that Aed is larger than Aea at the pinch point, we determine the system parameters as follows. The hot water outlet temperature in the absorber, TABS,out, is 60 °C , while that in the condenser, TCON,out, is 40 °C. Figures 8 and 9 show the results of exergy analysis after improvement. The COP is 1.60, which is the same as that in the reference system, and the exergy efficiency is 0.39, which is 22% higher than that in the reference system. According to Figure 8 , exergy destruction in the absorber is decreased by 49%. As shown in Figure 9 , the temperature gradients at the hot and cold sides are made to coincide with each other by improving the operating point. In the AHX cycle, according to Figure 8 , the components where dominant exergy destruction occurs are condenser and evaporator. Then, the design parameters in the condenser are adjusted to improve the heat transfer performance. In this step, the heat transfer area and the number of heat transfer tubes are kept fixed, while the diameter and length of the heat transfer tube are varied. At the optimal design point, the heat transfer tube has a diameter of 13 mm. After that, the design parameters in the evaporator are adjusted to improve the heat transfer performance. At the optimal design point, the heat transfer tube has a diameter of 9 mm.
In the SHX cycle, according to Figure 6 , the component where dominant exergy destruction occurs is evaporator. Then, the design parameters in the evaporator are adjusted to improve the heat transfer performance. At the optimal design point, the heat transfer tube has a diameter of 5 mm. Then, the exergy analysis results at the design point represents that the component where dominant exergy destruction occurs is condenser. Hence, the design parameters required to improve the heat transfer performance in the condenser are adjusted. At the optimal point, the heat transfer tube has a diameter of 14.5 mm. Figures 10-13 show the results of exergy analysis before and after improvements in the two cycles. In addition, the summary of exergy destruction in each cycle is given in Table 3 . The results show that exergy destruction in the overall system decreases by more 5% in both cycles. In the AHX cycle, after the improvements, the COP is 1.64, which is improved by 2.7%, and the exergy efficiency is 0.40, which is improved by 25%. In the SHX cycle, the COP is 1.74, which is improved by 0.93%, and the exergy efficiency is 0.35, which is improved by 1.1%. As shown in Figure 10 , exergy efficiency is improved by the distribution of exergy destruction in all components. As a result, COP is higher in the SHX cycle, while exergy efficiency is higher in the AHX cycle. As shown in Figures 11 and 13 , the reason is that the total heat recovery rate is larger in the SHX cycle, while the difference between Aed and Aea is smaller in the AHX cycle. Thus, when exergy evaluation of the synthesis is performed, we need to consider not only exergy efficiency but also improvement margin. An EUD is a very useful tool because it provides both exergy destruction and margin for reduction at the components comprehensively; in addition, they show there is the presence of a small margin for improvement in both cycles. 
Conclusion
This paper proposes a method for realizing an optimal design of an absorption heat pump cycle efficiently. First, the syntheses of the AHX and SHX cycles are evaluated based on exergy analysis with an EUD. For the AHX cycle, the COP of the reference system is 1.60 and the exergy efficiency is 0.32, while for the SHX cycle, the COP of the reference system is 1.72 and the exergy efficiency is 0.34. Thus, COP and exergy efficiency are higher for the SHX cycle. However, the EUDs show that the improvement margin is larger for the AHX cycle. Second, the design/operation optimization of these systems is performed efficiently based on exergy analysis results obtained using an EUD for performance improvement. The effective system parameters for the optimization are selected and improved for reduction of the exergy destruction in the components where dominant exergy destruction occurs, based on an EUD. In the absorber, exergy destruction is reduced by adjusting the operating point to make the temperature gradients at the hot and cold sides coincide. In other components, exergy destruction is reduced by adjusting the design parameters to improve heat transfer performances. In the AHX cycle, after the improvements, the COP is 1.64 and the exergy efficiency is 0.4. In the SHX cycle, the COP is 1.74 and the exergy efficiency is 0.35. The exergy analysis results show that exergy efficiency is improved by distribution of exergy destruction in all components. As a result, COP is higher in the SHX cycle, while exergy efficiency is higher in the AHX cycle. The EUDs show that this is because the total heat recovery rate is larger in the SHX cycle, while the difference between Aed and Aea in the absorber is smaller in the AHX cycle. The EUDs also show that there is a small margin for improvement in both cycles. It is concluded that we can efficiently realize the optimal design of an absorption heat pump cycle system using an EUD. An EUD is a very useful tool because it presents not only exergy destruction but also improvement margin at the heat exchanging components comprehensively and shows the operating point of the system. In addition, it has been confirmed that power recovery devices such as ejectors are effective in improving the system performance of an absorption heat pump [18] . Therefore, future work should explore the method to perform optimization of systems including power recovery devices. Furthermore, a method for determining the optimal system configuration for an absorber heat pump system under the design conditions such as physical properties of refrigerant should be proposed. The above will lead to the establishment of a method for determining the optimal system configuration, the optimal design parameters, and the optimal operation point in a lump.
Acknowledgements
A part of this work is supported by CREST, the Japan Science and Technology Agency, Grant Number JPMJCR15K5. 
Nomenclature
